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ABSTRACT: Precisely controlling well-defined, stable single-molecule junctions represents a pillar of single-molecule 
electronics. Early attempts to establish computing with molecular switching arrays were partly challenged by limitations in 
the direct chemical characterization of metal-molecule-metal junctions. While cryogenic scanning probe studies have ad-
vanced the mechanistic understanding of current and voltage induced conformational switching, metal-molecule-metal con-
formations are still largely inferred from indirect evidence. Hence, the development of robust, chemically-sensitive tech-
niques is instrumental for the advancement in the field. Here we probe the conformation of an engineered two-state molecu-
lar switch with vibrational spectroscopy, while simultaneously switching it by means of the applied voltage in a metal-
molecule-metal junction. Our study emphasizes measurements of single-molecule Raman spectra in a room temperature 
stable single-molecule switch presenting a signal modulation of nearly two orders of magnitude.
Introduction. Performing logic operations with mole-
cules is a frontier in computation1-2. Many strategies have 
been proposed toward this goal3 based on bi- or multi-
stable switching. Prospective engineering methods in mo-
lecular computing are often centered on the electronic 
characterization of single-molecules4-16. Other approaches 
focus on chemical17-20 or mechanical15, 21-23 studies. Investi-
gations involving light-driven switches regularly employ 
photochromic molecules, such as azobenzenes21, 24-27 or 
diarylethenes28-32  to mention a few. Light also allows for 
complementary characterization and read-out of molecular 
states, exceeding present technology in terms of speed33-34 
and power efficiency (by exploiting minimal electron-
induced structural reorganization35). While light stands as a 
versatile read-out method, its implementation in metal-
molecule-metal junctions remains challenging. Early at-
tempts employed large area illumination of break 
junctions36-37 and tips11. To accelerate progress in molecu-
lar-scale computing, both optical and electrical read-out 
and switching must be demonstrated with stable, controlled 
single-molecule addressing. Here we report on voltage-
driven conformational switching in covalently linked met-
al-molecule-metal junctions of substituted oligoterphenyls, 
where control over switching and read-out is demonstrated 
by employing a tetragonal tip serving as an electrode and 
waveguide. Exploiting Raman selection rules through phys-
ico-chemical design, we show how voltage-driven confor-
mational changes enable Raman intensity modulation by 
nearly two orders of magnitude. Specifically, we remove 
the ground state polarizability and symmetry of a p-
terphenyl-4,4´´-dithiol (2) molecule by employing the 
2,2´,5´,2´´-tetramethylated (1) analogue38. With the highly 
sterically hindered, non-planar 1, the Raman signature is 
strongly suppressed. At high applied biases, the junctions 
can be modelled as transiently oxidized, and thus, extended 
π-conjugation, polarizability and Raman response are re-
covered (Fig. 1).  
 
Figure 1. Voltage-driven Raman switching in a molecular 
junction spectroscopy setup Schematics showing conformational 
switching in a tip-molecule-substrate junction with Raman read-
out by optically addressing the molecules with a laser from the 
back of the tip. 
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Experimental details.  
Molecular junction spectroscopy. Molecular junction 
spectroscopy (MJS, Fig. 1) allows for simultaneous cur-
rent-voltage (I-V) and optical spectroscopy measurements 
in single molecules contacted by atomically-sharp elec-
trodes. The thiol-terminated molecules are anchored to a 
gold film and contacted from the other side by the apex of a 
gold-covered (20 nm) tetrahedral glass (T-tip) fragment39-
40. The tip-sample distance is controlled by a piezo. The 
technique integrates a Raman spectroscopy setup (Fig. S1) 
where the laser light (He-Ne laser, 12 mW, 632.8 nm) is 
coupled through the glass body of the tetrahedral glass 
fragment into the backside of the apex of the tip. The tip 
acts as the light source, counter-electrode and light collec-
tor at the same time (Fig. 1). All measurements shown in 
the main text are recorded in high vacuum (~1×10-7 mbar).  
Substrate preparation. The fabrication process of the 
glass substrate is the same as for the T-tip. The glass slide 
is coated with a 200−500 nm gold film. A droplet of the 
molecular solution (0.5 mM) of 1 (ref 38) or 2 (Aldrich) in 
tetrahydrofuran (THF, Aldrich) is deposited with a pipette 
on the gold covered substrate. Then the substrate is put in 
an atmosphere saturated with the THF solvent for three 
hours which affords a dilute layer with the molecules cova-
lently anchored to the substrate.  
Molecular junction preparation. The substrate is pre-
pared ex situ and fixed on the sample holder in the vacuum 
chamber. The tip is approached mechanically into the 
working distance of the piezo crystal with the help of a 
tunneling current feedback loop. To establish a molecular 
junction, the sample is approached with Vsample = 0.5 V to 
the tip repeatedly until the current jumps out of tunneling, 
typically between I = 1x10-9 and 1x10-7 A. Current-voltage 
characteristic curves between -1.5 and 1.5 V are then ob-
tained. The histogram for this procedure is shown in Fig. 
2a,d. When stable I-V curves are found, the Raman spectra 
are recorded.  
Density Functional Theory. The simulated Raman 
spectra were calculated with the quantum chemical package 
Firefly41. The molecular geometries were energetically 
optimized to an energy difference of 0.00001 Hartree. Hes-
sian activities were obtained employing the exchange and 
correlation PBE42 (keyword PBE86 in Firefly) functional 
using a 6-311G basis set. The stationary state PBE geome-
try and Hessian of the molecule were used as an input for 
calculating the Raman spectra with the Firefly package, 
employing a global hybrid SOGGA1143 correlation func-
tional including an optimized percentage of Hartree-Fock 
exchange energy (“SOGGAX”) together with a TZV 3p 3d 
basis set with diffuse s functions. As a simple approxima-
tion for molecular grafting on gold, calculations were per-
formed by increasing the isotopic mass of the S and H 
elements of the thiol terminal groups to one million amu. 
Although electrodes can influence the electronic state, our 
approximation reproduces the Raman spectra in fine detail 
(vide infra) while aiding the reproducibility of the calcula-
tions (avoiding variation in the choice of dispersion interac-
tions and pseudopotentials for the electrodes). R-factors are 
defined as the ratio between the sum of the square model-
experimental differences and the sum of their squares.  
 
 
Figure 2. Voltage-driven Raman switching in a molecular junction spectroscopy setup. (a,d) Single-molecule current histogram 
curves, measured at 0.5 V while approaching a gold-covered glass tip to a substrate covered with 1 or 2. (b,e) Characteristic I-V curves 
(blue) extracted at single-molecule contact range between 0.5-387 µG0 (blue in a,d) and corresponding derivatives dI/dV (cyan). The raw 
data is shown unfiltered; the inset in (b) shows successful junction formation. (c,f) Raman signature of the pertinent junctions at biases of 
1.0 and 0.1 V, respectively. Only for 1 a clear on(red)-off(black) behavior is observed (excitation wave length λ0 = 632.8 nm). 
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Results. 
Molecular junction Raman spectroscopy of 1 and 2. 
Upon preparation of a layer of thiol-anchored 1 on amor-
phous gold substrates, single molecules are contacted by 
the apertureless, gold-coated, near-field tip. Typical current 
histograms of 1 (~600, Fig. 2a) suggest a conductance 
between 0.5-387 µG0 during single-molecule junction for-
mation at 0.5 V. The I-V curves in this conductance regime 
are extracted, concomitantly with their respective Raman 
signals (Fig. 2b,c). Conductance windows are usually em-
ployed10, 44 to study only one metal-molecule-metal con-
formation and thereby reduce the occurrence of outlier 
Raman response45. In the selected regime, several junctions 
of 1 display broad transport channels appearing at a bias close 
to ±1.0 V (Fig. 2b). At biases close to or exceeding the 
transport voltages, a clear Raman signal is observed (Fig. 
2c, red), featuring prominent peaks at approximately 650, 
930, 1160, 1270, 1390, 1490 and 1580 cm-1. By contrast, 
80% of the Raman signals recorded at 0.1 V fall below 
instrumental detection limits, i.e., the Raman signature is 
effectively suppressed. The observed voltage-driven 
switching can be repeatedly turned on and off at time scales 
limited by the junction stability only.  
In order to put the intriguing switching behavior of 1 into 
perspective, we investigated the reference species 2, i.e. the 
non-methylated analogue of 1. Figure 2d-e depicts the 
pertaining histogram along with extracted I-V and dI/dV 
curves for 2. This time, the contact entails transport reso-
nances starting at 0.5 V. Moreover, in striking contrast to 1, 
the experimental Raman signature of 2 reproduced in Fig. 
2f does not show any significant change in the Raman 
signature dependent on the junction voltage. Rather, the 
spectra display constant peaks near 1180, 1275 and 1590 
cm-1. Because both molecules are relatively apolar and 
neither linear nor quadratic shifts appear in the Raman 
spectra, the observed switching of the Raman signal of 1 is 
clearly indicative of distinct and reversible conformational 
changes, whereby Stark or related electric field effects 
reported elsewhere are excluded.46-49 
Charge-transport induced conformational switching. 
Transient charging effects46, 50 are a well-known point of 
departure for the elucidation of bias-induced conformation-
al effects. In oligophenylenes, the removal/addition of one 
electron increases the π-conjugation along the oligo-
phenylene backbone due to the formation of quinoids or 
semi-quinoids resonance structures51. Such transient charg-
ing events occur during hopping transport or under a strong 
polarization regime52.  In the semi-quinoid form, bond 
orders between phenyl rings amount to one and two, and 
the phenylenes’ conformation is semi-coplanar. In the 
quinoid form, bond orders are close to two, and confor-
mation is close to coplanar. Thus, oligophenylenes53 gener-
ally tend toward planar π-conjugation upon reduction or 
oxidation54. In this manner, a stationary point in the inter-
phenyl torsion (IPT) potential energy surface (Fig. 3a, 
black line) of an oligophenylene such as 1 can be rational-
ized and further engineered through the interplay between 
the gradient of the attractive conjugation energy, which 
tends to planarize the structure, and the gradient of the 
steric repulsion. Accordingly, the neutral optimization of 1 
at the PBE level of theory features dihedral, or IPT angles, 
of φ1 = φ2 = 92°. Conversely, the positively charged, singlet 
state of 1+ (Fig. 3a, red line) shows a geometrical station-
ary point with reduced IPT angles, φ1 = φ2 = 50°. Thus, 
planarization is maximum for the oxidized form 1+, which 
might transiently occur during charge transport. Because of 
the large steric repulsion caused by the methyl substituents, 
1+ cannot adopt a fully planar quinoid structure. The in-
creased π-conjugation in this case is geometrically mani-
fested in π-twisted orbitals (r.h.s. Fig. 3a).  
The Raman activity of a molecule is dictated by the in-
ternal product of the polarizability tensor with the overlap 
between initial and final phonon wavefunctions.  Extended 
π-conjugation allows for higher molecular polarizabilities 
due to wavefunction delocalization, and consequently, 
increased Raman signals. Therefore, by decreasing the 
mode's polarizability Raman activity can be turned “off” 
from an active “on” state. It is therefore expected that the 
Raman signature of 1+ decreases in its neutral form, where 
the π-conjugated character is at its lowest. The case is sen-
sibly different for molecule 2.  The ground state IPT of 2 
(25°) is close to the oxidized form (37°). Thus, the Raman 
activity of 2 should remain similar between neutral and 
transiently charged 2.  
Raman spectra comparison to statically charged DFT 
calculations. Further proof for a transient charging mecha-
nism is provided through Raman spectrum analysis. First, 
experimental Raman spectra (Fig. 3b-i) are chosen from 
the molecular junction Raman survey in Fig. 2c,f. From 
various calculated oxidation states and DFT functionals 
(Supporting Fig. S2,S3), the experimental Raman spec-
trum at 1.0 V (Fig. 3b-e) correlates best (R = 0.27) to the 
DFT-simulated Raman spectra of positively charged 1+ 
species. This suggests that charge (hole) transport in the mol-
ecule happens through a (partially) depleted HOMO. Switch-
ing to a seemingly formal 1+ charged state could imply that 
electron depopulation is much faster than the electron current 
repopulation times. For the neutral state of 1, the Raman 
activity of the ~1600 cm-1 mode falls below 1000 A4 amu-1, 
or 500-fold less than the computed charged 1+ species 
(Figs. 3e), in agreement with the experimental result.  
To investigate the role of π-conjugation in “switching 
on” the Raman activity, we performed DFT calculations 
employing the Hessian of the conjugated conformation (φ1 
= 50.8°) 1+ but the polarizability for the non-conjugated 
conformation (φ1 = 92.7°). In this case, the ~1600 cm
-1 
Raman signal of the so-calculated hybrid positively 
charged molecule drops only by a factor of 30 (instead of 
500), to less than 10000 A4 amu-1. These observations and 
comparisons indicate that increased polarizability via ex-
tended π-conjugation is decisive for the switchable Raman 
activity of 1.  
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Figure 3. Modeling transient charging via static charges in DFT. (a) Density Functional Theory (DFT) energy comparison along the 
interphenyl torsion (IPT) of the central ring of 1 and 1+.  The area where methyl units of adjacent phenylenes overlap is indicated in yel-
low. The HOMO of neutral 1 and HOMO of 1+, showing π-conjugation through overlap of orbitals with equal parity are also shown on the 
right hand side. Typical spectra of 1 at (b) 0.1 (“off”) and (c) 1.0 V (“on”). Scaled DFT Raman spectra of (d) neutral (“off”) 1 times a 
factor of 250 and (e) charged (“on”) 1+ singlet state. Typical spectra of 2 at (f) 0.1 and (g) 1.0 V. Scaled DFT Raman spectra of (h) 2 
(times a factor of 50) and (i) 2+ singlet state.  The insets are representations of the optimized molecular structures with perspectives look-
ing along the molecules’ axes in order to visualize the IPT angles.  
Indeed, the calculated Raman spectra of 2 (Fig. 3f-i) is 
not influenced significantly by its charge state. Supporting 
Figure S3 exhaustively compares the experimental spectra 
to the calculated spectra for different electronic states: 
singlet +2, singlet +1, neutral, singlet -1 and singlet -2 
(calculated spectra are automatically offset to best fit the 
theory for ease of comparison).  
Finally, no anti-Stokes Raman signal was detected during 
HOMO charge transport for neither 2+ nor 1+. One expla-
nation for the absence of a significant anti-Stokes signal in 
the 600 to 2000 cm-1 region is the high resistance of 1 and 
2. Lower currents imply that current-driven excitations of 
vibrational states are smaller and therefore below detection 
limits. The studies with 1 and 2 thus demonstrate that a 
Raman on/off switch is fundamentally accomplished by 
strongly increasing/decreasing the polarizability of one 
state, since symmetry selection rules for both charged and 
neutral IPT geometries are similar. 
Cryogenic molecular junction Raman spectroscopy. 
From the analysis presented above, it follows that 2 should 
retain Raman activity without the necessity of transient 
charging. The Raman spectrum of 2 also provides im-
portant insight into a freely rotating IPT barrier contrib-
uting to the Raman activity. Starting from the experimental 
signature at 1220 and 1280 cm-1 (so-called D and L bands, 
respectively) both experimental spectra of 2 show a D/L 
ratio of one, characteristic of co-planar (IPT=0°) or librat-
ing oligophenylenes55. This indicates that IPT angle libra-
tions occur at room temperature (Fig. 3b,c). Indeed, DFT 
predicts similar IPTs of 25° and 37° between the charged 
and neutral state of 2. Freezing room temperature librations 
may allow bias-dependent detection between the small, but 
noticeable differences in Raman activities predicted by 
DFT (Fig. 3h,i).  
In order to substantiate this hypothesis, we performed 
cryogenic measurements at 77 K, whereby we also moni-
tored the systems’ response over the entire bias sweeps 
(Fig. 4). The corresponding data sets identify again a 
switching behaviour of 1 with a turn-on voltage at ~0.9 V. 
For 2, we detect a marked ~1.5-fold increase in the ~1600 
cm-1 Raman signal peaking beyond ±0.5 V. This change is 
assigned to the different response of the neutral IPT 37° 
and transiently oxidized IPT 25° conformations at low 
temperatures. Evidently, the Raman signal of 2 cannot be 
turned off, since the unhindered ground state IPT 37° re-
mains polarizable (in comparison, the polarizable “on” 
state of 1 is achieved at the theoretically predicted IPT of 
50°).  
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Figure 4. On/off Raman behavior of 1 and 2 at croygenic 
conditions (T=77 K). (a,b) The Raman signature of 1 displays 
switching characteristics similar to room temperature measure-
ments. (c,d) For 2 now the Raman intensity of prominent states 
increases for bias exceeding 0.5 V. Dashed lines in (a,c) empha-
size the prominent line of the ~1600 cm-1 Raman signal.  
 
Summary. We have shown conformational switching 
controlled by voltage in a single-molecule junction. Com-
parative, low-temperature and theoretical studies served to 
experimentally identify alterations in the Raman spectrum 
with applied bias, as polarizability switching driven by π-
conjugation, which can be tailored by molecular design. 
The possibility of addressing physico-chemical phenomena 
with single-molecule resolution shown here, serves as a 
departure point for a new generation of nanomechanical 
studies using MJS setups. Technologically, our investiga-
tions present single-molecule monitoring and manipulation 
with exquisite control, opening new avenues in multi-logic 
single-molecule computing.     
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